°co-senior authors 13 Behavioral correlations over time are an essential but often neglected aspect of interactions among 14 animals. These correlations pose a challenge to current methods, which can collect data at high 15 frequency but lack effective means to analyze complex series of interactions. Experimental 16 manipulations can readily decode short-term stimulus-and-response relationships, but they face 17 difficulties with those that evolve over intermediate time scales. In these scenarios, non-invasive 18 information-theoretic tools have the potential to transform the way in which causal interactions are 19 revealed in behavioral ecology. Here we show that simultaneous observation of the flow of different 20 types of information between subjects can reveal the communication protocols that guide complex 21 social interactions over time. We demonstrate this approach by comparing tandem running in ants 22
. Information flow during tandem run recruitment by ants and termites. (a) Tandem running pairs of T. rugatulus, C. formosanus, and R. speratus. (b) A sampled tandem run trajectory within an idealised environment. (c) The encoding schema used to discretise spatial trajectories of each ant and each termite on the basis of both rotation pattern and pausing pattern. (d) The predominant direction of information flow measured as the proportion of uncertainty reduction explained by the interaction between leader and follower. (e) A schematic illustration, and (f) a mechanistic illustration of the regulation of information flow in ants' tandem runs. and a follower is characterized by oscillations with higher frequency but lower amplitude than those of the 134 ants (cf. Fig. 2a and Fig. 2d ). These oscillations are largely within the rotation regime due to sustained 135 motion. In this regime, tandem runners frequently alternate between a phase in which the leader is the 136 faster of the two and their distance increases (point 1a) and a phase in which the follower moves faster 137 than the leader, reducing the gap (point 2a). Sporadically, leader and follower can be found very close to 138 each other (less than 0.89 body lengths, Fig. 2e ) where they enter the pausing regime. When this happens, 139 the leader's motion initially predicts the decrease and then the increase in speed of the follower (points 1b 140 and 2b). The pausing regime is then quickly abandoned, and rotation information regains dominance. This 141 behavior is consistent with relatively close proximity facilitating momentary large course 142 corrections ( Fig. 2d, right inset) . Leader-initiated pauses in termites might serve some unknown function, 143 e.g., motor planning (Card and Dickinson 2008; Hunt et al. 2016) ; however, unlike the case of ants, we 144 have no evidence that the termite pauses facilitate follower control over any aspects of the trajectory. 
159
The communication protocol followed by termites can be likened to a person leading another by 160 the hand. The protocol of ants reveals instead a more complex coordination of social behavior as leader 161 and follower systematically alternate between close contact and separation. We suggest that the ants' interactions, but these methods are generally underdeveloped and sporadically used in behavioral ecology.
192
As we have shown in this study, information theory offers tools such as transfer entropy that can 193 disentangle the temporal structure of the interaction between individuals.
194
Whereas the construct of transfer entropy has seen extensive applications in the neurosciences, 
209
The methodology we put forward, which applies advanced information-theoretic measures to 210 different symbolic representations of the same dataset, has allowed us to show differences in the 211 communication protocol used by tandem running ants and termites and to explain the disparity in their 212 function. This approach is sufficiently generic to enable the discovery of cryptic signaling behaviors in other 213 taxa and to provide deeper insights into behaviors whose function is poorly or partially understood (e.g., 215 2015)). Furthermore, we have shown how the generality of this approach can extend traditional information-216 theoretic analysis from a mechanistic focus on one species toward a comparison across a wide taxonomic 217 range. Such a common language of information processing can enable the posing of questions, 218 hypotheses, and predictions for the evolution of information processing itself. 226 mm) and sandwiched between two glass slides (see Extended Data Fig. 1a ). The top slide had a 2 mm 227 experiments to induce ants to perform tandem runs. To obtain sufficiently long tandem runs, we used a 229 large experimental arena (370 mm by 655 mm) delimited by walls (37 mm tall) and subdivided by 5 barriers 230 (10 mm by 310 mm) placed to form a contiguous corridor with alternating left and right turns (see Extended
231
Data Fig. 1b ). Both walls and barriers were coated with Fluon to prevent ants from leaving the experimental 232 arena. A new nest was placed at one extremity of the corridor and was covered with a transparent red filter 233 to encourage the ants, which prefer dark cavities (Franks et al. 2003) , to move in. The nest housing a colony 234 was transferred from its plastic box and placed at the other extremity of the corridor. Colony emigration was 235 induced by removing the top slide of the occupied nest. We performed 6 experiments, one for each colony, 236 and recorded them at 30 frames per second using a video camera with 1K resolution. For each colony, we 237 then selected between 1 and 6 pairs of ants performing tandem runs obtaining a total of 20 samples.
238
Selected tandem runs last more than 15 minutes and have the same pair of ants travelling between the two 239 nests with no or minimal interaction with other members of the colony. 
273
The pausing pattern is encoded using two states: the motion state (M) and the pause state (P). The 
280
shows two distinct modes: short steps representing pauses and long steps representing sustained motion 281 (see Extended Data Fig. 2 ). The 10 th percentile was used as a threshold for separating the two modes for 282 all sampling periods. We therefore encoded steps in the trajectory in the 10 th size percentile as pause 283 states and the remaining steps as motion states. This threshold was varied in the interval {5%, 6%, … , 15%} 284 during a perturbation analysis of predictive information (see Computation of statistics).
285
The rotation pattern is also encoded using two states: clockwise (CW) and counterclockwise (CCW).
286
The direction of rotation at time is obtained by looking at three consecutive positions, (@# , ( , (=# , in the 287 spatial trajectory of each runner. The rotation is clockwise when the cross product A@# A BBBBBBBBBBBB⃗× A A=# BBBBBBBBBBBB⃗ is positive, 288 counterclockwise when it is negative, and collinear when it is zero. In the rare occurrences of collinear 289 motion, the direction of rotation at the previous time step, − 1, is copied over in the time series.
290
As a control for our choices of possible behavioral outcomes, we also considered a compound pausing
291
& rotation pattern that simultaneously encode both components of tandem running. The pausing & rotation 292 pattern is defined using a ternary coding scheme that encodes motion bouts in the states pause (P), 293 clockwise (CW) and counterclockwise (CCW). As for the pausing pattern, the shortest 10% of steps in the 294 spatial trajectories are encoded as pausing (see Computation of statistics for a perturbation analysis of this 295 parameter). The remaining 90% of steps are encoded using states clockwise and counterclockwise 296 following the same methodology used for the rotation pattern.
298
Measuring predictive information. Our analysis of communication in tandem running is grounded in the 299 theory of information (Cover and Thomas 2005) and its constructs of entropy, conditional entropy, and 300 transfer entropy. We aim to quantify how knowledge of the current behavior of the sender allows us to 301 predict the future behavior of the receiver, that is, to measure causal interactions in a Wiener-Granger 302 sense (Bossomaier et al. 2016) . We consider the behavioral patterns of leaders and followers as the series 303 of realizations ( ( , ≥ 1) and ( ( , ≥ 1) of two random variables, and . For simplicity, the following 304 presentation focuses on predicting the future of the follower, (=# = ( (=# , ≥ 1), from the present of the 305 leader, , but leaders and followers cover both roles in our analysis.
306
The overall uncertainty about the future (=# of the follower is quantified by the ( 
318
A second step to obtain additional information about the future of the follower is to consider the time-319 delayed effects of its interaction with the leader. Transfer entropy was introduced for this purpose 320 (Schreiber 2000) . It measures the amount of information about the future behavior of the receiver given by 321 knowledge of the current behavior of the sender-information that is not contained in the receiver's past.
322
Due to its time directionality (i.e., from the present of the sender to the future of the receiver), it is considered 323 a measure of information transfer or predictive information (Lizier and Prokopenko 2010). Transfer entropy 324 is defined as
and measures the reduction of uncertainty of (=# given from knowledge of which is not already given by 
346
Computation of statistics. We computed information-theoretic measures for both leaders and followers.
347
In our computations, we assume that the pausing and rotation patterns of ants and termites are peculiar 348 features of the species rather than of specific pairs of tandem runners. As such, rather than treating each 349 trial separately and then aggregating the results, we estimated the necessary probabilities from all 
354
To prevent possible artefacts that may arise due to finite sample sets, we discounted transfer entropy 355 by a correction factor computed over pairs of independent time series, therefore obtaining conservative 356 estimates (Porfiri 2018). To do so, we randomly paired the behavioral patterns of leaders and followers 357 belonging to different tandem runs and computed transfer entropy in both directions. For each species and 358 parameter configuration, we repeated this randomization process 50 times and estimated the correction 359 factor as the average transfer entropy of the synthetic dataset.
360
The sampling period of continuous spatial trajectories and the history length of transfer entropy define 361 the parameter space of our study. 
